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SUMMARY 

Pellet-cladding mechanical interaction (PCMI) is a possible failure scenario during 

a postulated reactivity-initiated accident (RIA). This report summarizes fiscal year 

2018 research activities that were undertaken to evaluate the PCMI-like hoop 

strain–driven mechanical response of accident tolerant fuel cladding candidates of 

silicon carbide fiber/silicon carbide matrix composite (SiC/SiC) and iron–

chromium–aluminum (FeCrAl) tube specimens. To achieve various RIA-like 

conditions, the modified-burst test device developed during fiscal years 2016 and 

2017 was used. A heating capability was also added to the system for high-

temperature testing of FeCrAl samples. 

The first section of this report assesses the accuracy of the two-dimensional digital 

image correlation calculated strain values for tube samples. The speckle patterns 

are computer generated in a two-dimensional plane, and the generated images were 

wrapped into a cylindrical surface for the validation using digital image correlation 

technique on curved geometries. Subsequent sections address the failure behavior 

of SiC/SiC composites and long-term heat treated and as-drawn FeCrAl alloy tubes 

at various strain rates relevant to the postulated RIA events. In the last part, the 

effect of possible design parameters of failure strain and the strain rate are 

discussed for SiC/SiC composites and FeCrAl alloys during the PCMI phase of 

RIA. 

Future work is planned to develop and design safety tests for accident tolerant fuel 

cladding candidates and the advanced fuel forms with respect to their transient 

responses. A broader perspective on the mechanical behavior of the unirradiated 

and irradiated accident tolerant fuel cladding candidates will be developed using 

the modified-burst test and other mechanical tests. 
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REPORT ON DESIGN AND FAILURE LIMITS OF 
SiC/SiC AND FeCrAl ATF CLADDING CONCEPTS 

UNDER RIA 

 

1. INTRODUCTION 

Accident tolerant fuel (ATF) materials must maintain or improve the reactor performance and safety 

characteristics of the present uranium dioxide and zirconium-based cladding alloy fuel systems during 

normal operation, operational transients, and postulated design-basis accidents such as a loss of coolant 

accident or a reactivity-initiated accident (RIA) in light water reactors (LWRs) [1]. However, performance 

of the candidate ATF cladding materials is not yet fully understood for conditions that simulate the pellet-

cladding mechanical interaction (PCMI) due to rapid thermal expansion of the fuel during a postulated RIA. 

A postulated RIA occurs because of a control rod–ejection accident in a pressurized water reactor or a 

control rod–drop accident in a boiling water reactor [2]. Both events cause a prompt increase in the fission 

rate density until negative fuel temperature feedback, mainly due to the Doppler effect, terminates fission 

reactions. However, the deposited energy causes a fast temperature increase in the fuel pellets, which results 

in rapid thermal expansion of the fuel. If the fuel-cladding gap closes before or during the RIA, the thermal 

expansion of the fuel imposes a mechanical strain on the inner surface of the cladding at a high strain 

biaxiality due to the isotropic thermal expansion of the uranium dioxide (UO2) fuel pellets. Because the 

time scale of a postulated RIA is in the range of 10–200 ms for LWRs [3], the cladding is expected to 

deform at high strain rates up to 5 s−1 [2]. 

Separate effects tests inform the design of integral effects tests to investigate the transient response of the 

ATF fuel rods during RIA-relevant conditions and enable development of models for nuclear fuel safety. 

To support the design of future in-pile integral experiments and to capture distinct reactor kinetics of distinct 

LWR designs, the separate effects test is a vital tool that can be used to replicate the time scale of an RIA 

event by mimicking the mechanical loading conditions that result from the energy input during the RIA. 

The modified-burst test (MBT), compared to other mechanical tests, offers a uniform straining of the 

cladding and strain rates similar to postulated RIA scenarios [4, 5]. Consequently, pulse-controlled MBT 

equipment has been developed [5] with the capability of 360°-view digital image correlation (DIC) during 

fiscal year (FY) 2017 [6]. The arrangement of the DIC system and mirrors, a picture of a typical sample, 

and the working principle of the MBT are shown in Figure 1a–c. 
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Figure 1. (a) Schematics of the camera and telecentric lens system, which is reinforced with mirrors. 

(b) Projections of SiC/SiC composite sample on the camera system. The sample was dyed with black and 

white paint to create speckle patterns. The white frames show typical DIC-objects (85 px × 85 px) to 

determine the surface strains on the samples. (c) A schematic of the MBT for the PCMI-type loading. 

The first section of this report assesses accuracy of the two-dimensional (2-D) DIC calculated strain values 

for tube samples. The speckle patterns are computer generated in a 2-D plane, and the generated images 

have been wrapped into cylindrical geometry for the assessment of the accuracy of using DIC technique on 

tube samples. The second section addresses the failure behavior of the SiC/SiC composites at various strain 

rates relevant to the postulated RIA events. The third section investigates the mechanical response of heat-

treated and as-drawn FeCrAl alloy tubes during a PCMI-like loading at elevated temperature of 250 °C. 

The last section discusses the possible design parameters of SiC/SiC composites and FeCrAl alloys with 

respect to the RIA. 

2. ASSESSMENT OF THE DIC STRAIN CALCULATIONS 

A DIC system was developed to offer high resolution measurements of the failure strain for each tube 

sample. To verify the performance of the system, we assessed the accuracy of mechanical strain calculations 

on a curved surface. To achieve that, images with 2-D random speckle patterns were generated by an 

approach suggested by Bing et al. [7] at similar resolutions as the images acquired during experiments (see 

Figure 2a and b). Mechanical strain was imposed by applying pixel-based strains (Δpixel/pixel) up to 20% 

for two distinct strain paths: (i) plane-strain tension (PST) of the cladding tubes (εx > 0 and εy = 0, Figure 

2a) [2] and (ii) biaxial expansion, which is the postulated RIA strain path [2, 8, 9] (εx = εy > 0,Figure 2b). 

After applying the prescribed strains, the images with generated speckle patterns of each strain value were 

wrapped to form a tube with a 360° surface like that of the experiments. The accuracy value of 2-D DIC 

was investigated by determining the difference between the imposed and the DIC-calculated strains for 

each loading case. The smaller accuracy value corresponded to a lesser error in the DIC-strain calculation 

and better strain calculation. 
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Figure 2. Computer-generated reference pictures for assessment of the DIC software. (a) PST (εx > 0 and 

εy = 0) and (b) biaxial expansion (εx = εy > 0). 

Figures 3a and b show the calculated strains of the wrapped pictures at the prescribed strain values. Strain 

was calculated at the same location for all subsets with a size of 31, 45, and 63 px (Figure 3c). The 

accuracy value of the 31-px subset was higher than the other two at each prescribed strain, as shown in 

Figure 3d. The average accuracy values were also estimated as 253, 88, and 86 µε for subset sizes of 31, 

45, and 63 px, respectively. Note that accuracy value, in general, showed a monotonic increase for all 

cases below 1% strain and showed random behavior above 2% strain. 

 
Figure 3. Effect of subset size on DIC-calculated strains for the PST case [10]. Strain was applied only in 

the x-direction; strain in the y-direction was zero. 

Figure 4 illustrates the inaccuracies of the DIC-calculated strain in the plane-strain and biaxial expansion 

cases. Accuracy was determined to be better than 200 µε for both test cases. The average accuracy value 

calculated from the original picture (no wrapping) was lower (76 and 47 µε for PST and biaxial expansion, 

respectively) than the accuracy value determined after 360°-wrapping of the original picture (86 and 84 µε 

for PST and biaxial expansion, respectively). The results indicate that the accuracy value of the strain 

determined from a curved object increased compared to the original picture, but this increase was below 

37 µε (maximum for all cases). 
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Figure 4. Comparison of the accuracy values in the original and the 360°-wrapped pictures of two cases: 

(a) only x-direction strain applied and (b) both x- and y-direction strains applied. 

Another important parameter for the strain calculations is the location of the subset due to the curved surface 

of the tube samples. Therefore, the effect of off-axis locations on the strain calculation was investigated. 

Figure 5 shows the value of the inaccuracy for two off-axis locations, A and B. At location A, the accuracy 

value was determined to be high (maximum value of) at low (<1%) strains, and was determined to be lower 

at high (>2%) strains. At location B, a reverse behavior was determined compared to location A. The 

average accuracy values were calculated as 237 and 130 µε for locations A and B; and the maximum values 

were 469 and 330 µε for the same locations, respectively. Hence, the accuracy of the strain increased when 

the subset was at an off-axis location for the tube sample. 
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Figure 5. Effects off-axis subset on the accuracy value. 

In conclusion, the 2-D DIC accurately predicts the mechanical strain of a speckle pattern at different loading 

paths without a significant increase in the inaccuracy along the centerline. When the subset location is off 

the centerline of the tube sample, maximum inaccuracy increased to 469 µε (0.047%). This value still offers 

acceptable resolution for ductile materials. 

3. FAILURE BEHAVIOR OF SiC/SiC COMPOSITES DURING PCMI 
LOADING 

This section describes the mechanical response of SiC/SiC composites during a PCMI type of loading at 

various pressurization rates (i.e., strain rates). The characteristics of the SiC/SiC composite tubes were listed 

in the FY 2017 Oak Ridge National Laboratory Nuclear Technology Research and Development L3 report 

[6]. 

An example mechanical response of a SiC/SiC composite tube sample during the test is shown in Figure 6. 

This sample was subjected to a pressurization rate of ~3 GPa/s, and the duration of the simulated RIA event 

was 52 ms (from loading to rupture of the specimen). Frame 1 was taken before the mechanical test and 

shows the four projections of the sample. Frame 2 shows the upward movement of the mechanical system 

due to the impact caused by the penetration of the driver tube. Frame 3 shows the moment at which the 

failure strains were calculated before the rupture of the SiC/SiC composite sample. All samples tested in 

this study were failed in an analogous manner as shown in frame 4. The deformation was localized to the 

thin region of the driver tube, and except for one test, the cracks did not propagate in the axial direction. 
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Figure 6. Projections of a SiC/SiC composite sample that was tested at a pressurization rate of. 3 GPa/s 

Figure 7a shows the evolution of the internal pressure of the driver tube and the DIC-calculated mechanical 

strains on the sample surface, which was subjected to a pressurization rate of 3.6 GPa/s. The internal 

pressure (black curve in Figure 7a) increases from 15.4 to 203 MPa in 52 ms. The sample was ruptured at 

about 203 MPa of internal pressure. The diametral strain showed two distinct slopes over time. The initial 

slope (strain rate) was 0.6 /s up to the strain value of 0.2%, and the strain rate was increased to 5.4 /s after 

the strain value of 0.2% until the sample fractured. The axial strain was constant during the test but showed 

small fluctuations due to possible hydraulic oil redistribution during impact. 

A high-speed camera enabled observation of sample failure in situ. Figure 7b shows a clear, detailed picture 

of the SiC/SiC composite sample failing at a strain value of 0.87% during the moment of fracture. The 

sample ruptured in the hoop direction as shown by the white line on the sample surface and the cracks 

branched out (yellow lines) along the major fiber axis. Crack propagation was avoided because of the 

branching. Furthermore, minor cracking on the fibers (red line) were also identified. 
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Figure 7. (a) Evolution of the engineering strain and the internal pressure of the driver tube. (b) Outer 

surface of the SiC/SiC composite samples at the moment of failure. White line depicts the major hoop crack 

that yielded failure. Yellow lines show cracks branching out from the major hoop crack, and the red line is 

a surface crack on the fibers. 

Table 1 summarizes the mechanical test results of SiC/SiC composites. Because the mechanical tests aimed 

to simulate RIA pulse widths of the Transient Reactor Test Facility (TREAT) (from ~50 to >100 ms), 

CABRI (~20 ms), and Nuclear Safety Research Reactor (NSRR) (~10 ms) integral tests [5], each 

pressurization rate corresponds to a specific energy deposition rate during various RIA events. For instance, 

the pressurization rates of 1.75 correspond to TREAT’s clipped pulse; 3.6 GPa/s was similar to TREAT’s 

pulse with 3He shutdown system and CABRI, and 18 GPa/s was similar to the Nuclear Safety Research 

Reactor [5]. One sample was tested at a slower pressurization rate of 1.75 GPa/s, where the overall event 

time was 100 ms. That sample failed at a diametral strain rate of 1.16%. Other tests were performed at 

higher pressurization rates, and three samples were used for each pressurization rate. The samples tested at 

pressurization level of 3.6 GPa/s were failed at 1.08% (average of three tests). The minimum value of the 

fracture strain was calculated as 0.87%, and the maximum value was 1.21%. These calculated strain values 

were in agreement with the reported values for similar composites, but tested under quasi–steady-state 

conditions [11–13]. 

Table 1. Summary of the mechanical test results of SiC/SiC composites. 

Number of 

samples tested 

Pressurization rate 

[GPa/s] 

Test duration 

[ms] 

Failure strain 

[%] 

1 1.75 100 1.16 

3 3.6 52 

0.87 

1.17 

1.21 

(average) 1.08 

3 18 12 

0.48 

0.59 

0.64 

(average) 0.57 

 

The average failure strain was decreased to 0.57% at a pressurization rate of 18 GPa/s. The maximum value 

was 0.64%, and the minimum value was 0.47%. Thus, the increase in the pressurization rate from 3.6 to 
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18 GPa/s (approximately six times larger) resulted in a decrease in the average failure strain from 

approximately 1.08% to 0.56%. 

More mechanical tests, including different types of testing, are required to confirm the strain rate effect on 

the failure strain. However, the fracture surfaces of the samples had similar features, such as pulled-out 

fibers and matrix cracks in axial and radial directions. The similarity of the fracture surfaces indicates that 

SiC/SiC composite still has extended load-carrying capacity with increasing strain rates, but it fails at low 

failure strain. Because the extended load-carrying capacity is governed by the debonding and sliding 

behavior of fiber/matrix interface [14], it is possible that the decreasing failure strain is caused by the change 

of the friction coefficient of the matrix-fiber interface during sliding with increasing pressurization rate. 

However, additional experimental work is needed to test this hypothesis.  

 

4. FeCrAl ALLOY TUBE TESTS DURING PCMI LOADING 

Unirradiated Gen-I FeCrAl alloys were subjected to a PCMI type of loading at hot zero power–relevant 

temperatures (250 °C). The Gen-I samples had an average outer diameter of 9.48 mm and a wall thickness 

of 0.45 mm. The Gen-I FeCrAl (Fe-11.9Cr-5.98Al-0.02Y) had large grains (80–100 µm), and there was no   

solid solution strengthening or precipitation hardening [15].  

To mimic the expected microstructural development during irradiation, two types of Gen-I FeCrAl alloys 

were subjected to a long-term heat treatment at ~ 479 °C in air environment for 8 months in two steps (6 

and 2 months) to form chromium-rich αʹ particles.a Both alloys went through a color change due the oxide 

formation, as shown in Figure 8. B136Y-2 showed a darker color, which indicates a thicker layer of oxide. 

This difference was likely caused by the slight differences in the chromium and aluminum concentrations 

of the two alloys. 

 

Figure 8. FeCrAl samples for MBT tests. The Gen-I alloys were subjected to a long-term heat treatment.  

 

The mechanical tests were performed around 250 °C to simulate an RIA-relevant temperature range during 

the hot zero power condition of an LWR. The mechanical strain was measured with the developed DIC 

technique using mirrors. The high-temperature–resistant version of the first surface mirrors were used for 

the experiments. The sample with the driver tube, hydraulic oil, mirrors, and mirror holder attached were 

                                                      
a No αʹ particles were detected after the first step. The final microstructural characterization of the heat-treated samples for αʹ 

particles will be performed. 
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heated to the specific temperature inside an insulated box (see Figures 9a and b), and soaked at high-

temperature for 15–20 min. The temperature was measured using a K-type thermocouple that was attached 

to the samples by mechanical contact (see Figure 9c). After reaching temperature, the insulated box was 

removed, and test was immediately performed. Before the tests, the cooling behavior of the dummy 

specimen was recorded as shown in Figure 10. During the test, samples were heated to 20–25 °C above the 

test temperature. 

 

Figure 9. High-temperature setup for MBT. (a) An insulated box is placed outside the sample, heaters, and 

mirrors during heating. (b) The insulated box was not used during mechanical tests so that the DIC could 

be used. (c) Sample reflections and the location of the thermocouple. 
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Figure 10. The cooling behavior of the dummy sample after the insulated box was removed. 

Table 2 summarizes the mechanical test results of the FeCrAl alloys. Three samples were plastically 

deformed (bulged), and no failure occurred. The reflections of a sample during rupture is shown in Figure 

11. A detailed analysis of the data informed us that the initial pressure of the driver tube in these tests was 

lower than that of the ruptured samples. This was likely caused by air bubble formation in the driver tube, 

and the measured pressure during the test represented system’s pressure but not the inside of the driver 

tube. The strains of the bulged samples were in the range of 3.9%–4.6%. In general, samples which are 

failed during relatively slow tests showed a significant amount of ductility. B136Y-1 failed at a strain of 

8.4 % with the pressurization level of 2.84 GPa/s, and B136Y-2 sample failed at a strain of 6.5 % with the 

increased pressurization rate of 10.2 GPa/s.  
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Table 2. Results of the mechanical testing of the FeCrAl alloy. 

Sample 
Temperature 

[°C] 

Maximum 

pressure 

[MPa] 

Pressurization 

rate 

[GPa/s] 

Test 

duration 

[ms] 

Failure or 

maximum 

strain 

[%] 

Test result 

B136Y-1 

255 175.3 2.84 61.6 8.40 Failed 

250 171.9 7.70 22.3 4.64 Bulged 

251 186.7 9.33 20.0i 4.51 Bulged 

B136Y-2 

248 189.9 3.24 58.6 N/Aii Ruptured 

250 181.0 9.0 20.2i 3.92 Bulged 

251 209.9 10.2 20.6 6.52 Ruptured 

i It is the pressure rise time for the bulged samples. 
ii Camera did not trigger during this experiment. No images were collected. 

 

 

Figure 11. Four reflections of the FeCrAl sample. (a) Before test and (b) during rupture. 

5. RELEVANCE TO THE RIA SAFETY ENVELOPE 

A typical set of pulse widths for a super-prompt critical RIA is illustrated in Figure 12 as a function of 

inserted reactivity for three different neutron generation times. Note that each value of reactivity inserted 

the energy deposition, and so mechanical loading imposed on the cladding will be roughly the same even 

though the neutron generation time will drive shorter pulses. The imposed strain depends on reactivity, but 

the strain rate depends on both the reactivity and the neutron generation time. For SiC/SiC composites, the 

expected failure strain (0.57%–1.2%) is similar to the expected PCMI-strain induced by the unconstrained 

thermal expansion of uranium dioxide fuel, under the assumption of the closed fuel-cladding gap, for 

SiC/SiC pressurized water reactor core designs for hot zero power RIA [17]. Thus, fuel assemblies with 

SiC/SiC cladding should be designed to mitigate possible effects due to the gap closure during a postulated 

RIA. 

The failure strain is larger for the fresh FeCrAl specimens, B136Y-2 than the SiC/SiC composites. 

However, the decrease in the failure strain (from ~8.5% to ~6.5%) has been observed for the B136Y alloy 

family. This indicates further study focusing on the strain-rate effect is needed for the investigation of the 
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safety limits of the C-series FeCrAl alloys which are being developed for the nuclear fuel cladding 

applications . 

 

Figure 12. Example calculated pulse widths of a typical RIA in an LWR for different neutron generation 

times ranging from 10 to 30 µs and reactivity insertions, calculated using point kinetics with one-

dimensional thermal feedback. 

6. SUMMARY AND FUTURE WORK 

The mechanical behavior of the ATF cladding candidates of SiC/SiC composites and FeCrAl alloys during 

a PCMI-type of loading at RIA relevant strain rates was investigated in this work. To accomplish this, we 

used a pulse-controlled MBT device with 360°-view DIC option. Before the tests, we verified the DIC-

calculated strains using virtually generated speckle patterns under different strain paths. These images were 

generated in the x-y plane and then wrapped into a cylinder. Analysis of the virtual images showed an 

excellent accuracy of the calculated strains for the tube’s centerline locations. For the off-centerline 

locations, the inaccuracy increased to 0.047% (maximum). 

The mechanical response of the SiC/SiC composites was investigated at various pressurization rates that 

correspond to different RIA scenarios. The failure strain decreased from 1.2% to 0.57% while the duration 

of the PCMI loading decreased from 100 to 10 ms. A change in the friction coefficient between the fiber-

matrix interface was hypothesized to explain the observed behavior. 

The MBT results of FeCrAl samples that were subjected to a long-term heat treatment (B136Y alloys) 

retained a good amount of ductility at high pressurization rates.  

The design envelope of nuclear fuel with SiC/SiC composites is limited because of the low fracture strain 

of these composites. The failure strain of the fresh FeCrAl samples indicates that PCMI failure during RIA 

is unlikely for fresh FeCrAl. Further testing to understand the behavior of irradiated samples with degraded 

mechanical properties is recommended. 

The research plan for FY 2019 will include two major activities related to the RIA testing and the transient 

test development of the upgoing mini-fuel project. A pulse-controlled MBT with the 360°-view DIC option 

is a unique capability; however, the mechanical testing of the irradiated specimens in hot cells using MBT 

requires extensive research. In our previously published paper [5], the validation tests of zirconium alloys 
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indicated that the PST test produces similar failure strains and similar loading-paths relative to MBT. We 

will develop a PST testing capability for the irradiated samples. This activity is envisioned to eventually 

include machining of PST samples in a hot cell environment, testing of unirradiated samples to connect the 

data produced by MBT and PST, and the mechanical tests of the irradiated cladding. 

The second activity will aim to develop a safety envelope for the advanced fuel forms including ATF under 

transient conditions. The MiniFuel irradiation capability at ORNL will provide key fundamental nuclear 

fuel safety data on nuclear fuel materials, including information about fission gas release, microstructure 

evolution, mechanical properties, and other important behaviors. Extension and adaptation of this 

irradiation methodology to provide data relevant to PCMI introduces new challenges, but a plan to explore 

the viability of such a test will be developed.  
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